Abstract-Virtual multiple-input multiple-output (VMIMO) enables the implementation of conventional MIMO on mobile devices equipped with insufficient numbers of antennas via cooperation. This paper considers a spectral efficient broadcasting network in which selected mobile devices form a VMIMO system to relay the broadcasted data to help other devices decode the source data more reliably. In particular, the relay selection problem, a fundamental issue in the construction of VMIMO, is examined. We first review existing selection schemes for users operating in the amplify-and-forward (AF) mode. We then propose a distributed selection scheme based on post-processing SNR. In the proposed scheme, each user individually finds the most favorable candidates for VMIMO construction and then all users obtain a joint decision through a voting process. Simulation results show that the proposed distributed scheme outperforms existing distributed selection schemes and achieves a near-optimal performance with lower complexity compared to the centralized scheme.
I. INTRODUCTION
In a conventional multiple-input multiple-output (MIMO) network, enhanced spectral efficiency is achieved by spatialmultiplexing (SM), i.e., sending multiple data streams simultaneously via multiple transmit antennas [1] . In this system, a general assumption is that the number of receive antennas is greater than or equal to the number of transmit data streams for reliable detection. However, in many practical mobile communication systems, a hand-held mobile device is usually equipped with one or two antennas due to its limited size. As a result, implementing conventional MIMO on these physically constrained devices becomes challenging and requires novel strategies.
Recently, virtual MIMO (VMIMO), or cooperative MIMO, has gained substantial research interests [2] - [6] due to its capability of exploiting conventional MIMO techniques for physically constrained mobile devices. The spectral efficiency of these users is improved through user cooperation where users share their antennas to jointly transmit and decode the spatially multiplexed data. However, since the antennas in VMIMO systems are installed on different devices rather than the same device, new issues unseen in conventional MIMO This work was supported by National Science Council of Taiwan, under grant number NSC101-2221-E-001-002, NSC101-2221-E-001-008, NSC101-2622-E-001-001-CC3, and 32T-1010721-1C.
systems arise, e.g., the design of cooperation protocols and information exchange mechanisms among several devices.
One of the fundamental issues to realize VMIMO is relay selection, which concerns the selection of devices as cooperating relays to construct VMIMO. In [3] , an amplify-andforward (AF) scheme in which all m relays amplify the source transmissions and retransmit to the destination on m orthogonal channels. The performance of the scheme is fundamentally limited by the orthogonal partitioning of system resources. This overhead to cooperation is particularly damaging in large networks with large numbers of nodes. Later in [7] - [12] , various relay selection schemes are proposed to reduce the overhead. In [7] , the relay with the best forward channel (i.e., the relay-to-destination channel) is selected. In [8] , [10] , a best harmonic mean selection scheme is proposed, in which the relay with the largest harmonic mean of the forward channel and the backward channel (i.e., the source-to-relay channel) is selected. In [11] , the relay whose forward path has the largest signal-to-noise ratio (SNR) is chosen to forward the received source signal. In [12] , a generalized selection scheme based on SNR is derived and shown to maintain full diversity order while providing better average throughput than the all-participate scheme in [3] . In more recent research works [13] - [16] , relay selection under more complicated channel assumptions and design criteria is considered.
Although there is a rich body of research work on relay selection, the design objective of these works has been to improve the performance of a specific user rather than multiple users simultaneously, as should be considered in a broadcasting scenario. Furthermore, the selection is generally done in a centralized way, i.e., the relays are selected by a control center according to various selection criteria. Since the control center needs to collect all the channel information and process the selection criteria, a high complexity burden is posed on the control center, rendering the centralized method impractical for scenarios where there is a large number of relays in cooperation. Therefore, a distributed selection scheme which can alleviate the burden of a control center is needed for future broadcasting networks.
In this paper, we consider relay selection in broadcasting networks. A set of single-antenna users are selected from a cooperation group. These selected users construct a VMIMO system by amplifying and forwarding their received source signals to all users to improve the quality of receiving multiple data streams broadcasted from the source for all single-antenna users. We generalize two single-relay selection schemes based on channel gains to multiple-relay selection in the considered scenario, and propose an effective relay selection scheme based on the post-processing SNR. Simulation results verify that the proposed schemes can achieve a performance close to that of the centralized optimal selection schemes, with lower computational complexity. This paper is organized as follows. Section II introduces the signal model of VMIMO in broadcasting networks. Section III investigates relay selection schemes and presents a novel distributed selection scheme. Section IV demonstrates the performance of the proposed scheme and its computational complexity. Section V concludes this work.
II. VIRTUAL MIMO IN BROADCASTING NETWORKS
We consider a broadcasting network consisting of a source with N T antennas and a group of K (K ≥ N T ) users each with a single antenna. All users intend to receive the same spatial-multiplexed data streams broadcasted from the source. Due to an insufficient number of antennas, any user by itself is unable to reliably receive the multiple data streams. Therefore, VMIMO is formed among single-antenna users to enhance their receiving performance by providing each user with extra signals.
The transmission of VMIMO consists of two phases, i.e., the source broadcasting phase and the user cooperation phase, as shown in Fig. 1(a) . In the source broadcasting phase, the source broadcasts N T data streams to the K users simultaneously. Denoting the jth (j = 1, . . . , N T ) data stream by x j and the channel from the jth antenna of the source to the ith user by h (j) i , the received signal at the ith user can be expressed as
where
, P S is the transmit power constraint at each transmit antenna of the source, and n Si is additive white Gaussian noise (AWGN) with zero mean and variance σ 2 n . In the user cooperation phase, L (L ≥ N T ) users out of the total K users are selected to broadcast their received signals to all users, as shown in Fig. 1(b) . The L users operate in AF mode, i.e., amplifying their received source signals and broadcasting the amplified signals to all users sequentially in L time slots. Denoting the ordered broadcasting user set as C A = {A 1 , . . . , A L } and the forward channel from the ith broadcasting user A i to user D as g AiD , the received signal at user D from broadcasting user A i can be expressed as
where α Ai = P Ai / NT j=1 σ 2 h is the power scaling factor applied at broadcasting user A i to maintain an average transmit power P Ai . After the L time slots of cooperation, a nonbroadcasting user D receives a total of 1 + L signals including its own received source signal in the source broadcasting phase, which can be expressed in the following form
. . .
It is noted that for a user in the broadcasting user set C A , it listens to the other users' broadcasting signal without broadcasting itself and thus will receive a total of L signals instead of 1 + L signals.
After receiving all the signals, each user can obtain the source data by applying zero-forcing (ZF) detection with the ZF equalization matrix given by
The equalized signal is
The post processing SNR per symbol of the jth data stream can be derived from (5) as
3689 where
and B j,j denotes the (j, j)th element of matrix B. The detected symbol vector iŝ
where q(·) denotes entry-wise quantization.
In the following section, we investigate the relay selection problem, where we determine the broadcasting users A i (i = 1, . . . , L), for reliable data detection.
III. RELAY SELECTION
The objective of relay selection is to choose L users out of all the K users in the cooperation group to broadcast their received source signals. In a centralized scheme, a control center determines the broadcasting user set C A , schedules the transmissions, and then informs all the users in the cooperation group. The optimal selection is obtained by considering all the K L possible combinations and finds one that maximizes the sum of post-processing SNR of all users. Clearly, this selection strategy requires a large amount of channel state information (CSI) feedback to the control center and therefore poses a huge computational burden on the control center. A distributed scheme with lower average complexity and acceptable performance is attractive, especially for large-scale cooperation, and is considered in this work.
In a distributed scheme, each user first individually finds the most favorable broadcasting candidate combination. After all users have identified their most favorable candidate combinations, they signal each other to jointly determine the final candidates for broadcasting. The signaling may be done via a vote-and-contend process, as explained as follows. First, every user in the cooperation group is assigned a specific frequency band to listen to the signal from other users. Then, all users transmit a unit signal to their most favorable user candidates with proper channel pre-equalization. Every user listens to its own frequency band and estimates the received signal strength. The received signal strength represents the "votes" that each user receives from other users about its candidacy for serving as a broadcasting user. Every user then waits a time inversely proportional to the strength of its received signal and broadcasts a contention signal. The user with the most votes broadcasts the contention signal first, followed by the user with the second most votes, and so on. When L contention singals are observed, the contention is finished and the set of broadcasting users is determined. The broadcasting users then sequentially broadcast their received data signals in the user cooperation phase. In the following, we first examine two selection schemes based on channel gains and then propose a more effective scheme based on the post-processing SNR.
A. Best Forward Channel Selection
In the best forward channel (BFC) selection, a user selects its favorable broadcasting candidates according to the forward channel gains. Specifically, for a user D, the forward channel gains are first sorted in the descending order with the ordering (τ 1 , τ 2 , . . . , τ K−1 ) such that |g τ1D | ≥ |g τ2D | ≥ . . . ≥ |g τK−1D |. Then, the most favorable candidate combination for user D comprises users with the best L forward channels, i.e.,
B. Best Worst Channel Selection
In the best worst channel (BWC) selection, a user selects its favorable broadcasting candidates according to the worst concatenated channel gains. Specifically, for a user D, the worst concatenated channels, with user υ broadcasting, is given bȳ
The worst concatenated channels are sorted in the descending order with the ordering (υ 1 , υ 2 , . . . , υ K−1 ) such that |h υ1D | ≥ |h υ2D | ≥ . . . ≥ |h υK−1D |. Then, the most favorable candidate combination for user D comprises users with the best L worst concatenated channels, i.e.,
C. Best SNR Selection
In the best SNR (BSNR) selection, each user assumes that it is in the broadcasting user set C A and calculates the postprocessing SNR of all possible 
, and n D (C A ) with the (1 + j)th element/row removed. The ZF equalization matrix is given bȳ
The post-processing SNR per symbol of the jth data stream can be derived from (14) as
whereK The overall SNR is given bȳ
The most favorable candidate combination for user D is the combination that yields the maximum overall SNR, i.e.,
where F denotes the set of K−1 L−1 candidate combinations. Note that in the proposed method, the computational complexity for each user is proportional to K−1 L−1 . A reducedcomplexity version can also be carried out by removing the users with the worst R forward channels from the candidate list and then computing the overall SNR of the remaining candidate combinations, i.e., only computing the overall SNR of the remaining
candidate combinations.
IV. SIMULATION RESULTS
In this section, we present the simulation results of the proposed distributed relay selection scheme. We first show the average symbol error rate (SER) performance for an arbitrary user in the cooperation group. Then, we compare the computation complexity of the proposed scheme with other schemes. The source is equipped with N T = 3 antennas. Quadrature phase shift keying (QPSK) modulation is adopted. The channel gains between the source and each user are i.i.d. complex Gaussian with zero mean and variance σ Figure 2 shows the performance of the proposed best SNR (BSNR) selection scheme with K = 6 users in the cooperation group. The proposed scheme is compared with four other schemes, including two centralized ("random selection" and "optimal") and two distributed schemes ("BFC" and "BWC"). Two simplified BSNR selection (simplified-BSNR) schemes with R = 1 and R = 2 are also shown for comparison. As can be seen, the proposed distributed BSNR selection significantly outperforms the BFC and BWC selection schemes and the performance approaches to that of the centralized optimal selection. Simplified-BSNR selection with R = 1 and R = 2 shows different degrees of degraded performance compared to BSNR selection. Figure 3 examines the effect of the size of the cooperation group on the performance. Four schemes including optimal centralized selection, BWC, BSNR, and simplified-BSNR selection are compared, each with various settings of the number of users in the cooperation group (K). From the figure we see that the performance of optimal centralized 3691 selection improves remarkably as K increases, while the performance of BWC selection improves only slightly as K increases. The performance of the proposed BSNR selection also improves notably as K increases, exhibiting a similar tendency as optimal centralized selection. The same tendency is preserved by the simplified-BSNR selection scheme with degraded performance as compared to the BSNR scheme. The observations confirm that a relay selection scheme is more effective with an increased number of users in the cooperation group. Figure 4 shows the required computation counts (in terms of the number of candidate combinations) for various relay selection schemes versus the number of users in the cooperation group. We consider L = 3. Five schemes are presented, i.e., centralized optimal scheme, BWC, BSNR, simplified-BSNR with R = 1 and R = 2. For the centralized scheme, the computational complexity is given by the number of combinations at the control center since all the computational burden is on the control center. For a distributed scheme, the computational complexity is given by the number of combinations at an arbitrary user in the cooperation group, since each user individually calculates the most favorable candidate combinations. As can be seen from Fig. 4 , the computational complexity of the centralized optimal scheme has a rapid exponential growth with the increase of K. This suggests that the optimal centralized scheme is not suitable for scenarios with a large cooperation group. On the contrary, the distributed BSNR and simplified BSNR schemes have moderate growths with the increase of K. The BWC scheme has the lowest complexity that remains almost invariant as K increases. This is because in this scheme each user only performs sorting on the worst channel gains and completes candidate selection thereby. However, the fact that the SER performance of the BWC scheme improves little as K increases (Fig. 3) suggests that this scheme will have suffered performance in scenarios with a large cooperation group despite its low complexity. Considering both the computational feasibility and the performance indicates that the proposed distributed scheme is a strong candidate for use in scenarios with a large cooperation group.
V. CONCLUSION
We have studied the distributed relay selection problem in spectral efficient broadcasting networks employing VMIMO in this paper. We proposed a selection scheme based on postprocessing SNR and showed that the proposed scheme outperforms existing distributed selection schemes and achieves a performance close to the optimal selection. We also showed that the proposed scheme, by distributing the computational burden to all users in the cooperation group, achieves a more feasible computational complexity compared to the optimal selection when a large cooperation group is considered.
